Three types of white perch (Morone americana) vitellogenin (VtgAa, VtgAb, and VtgC) were purified, labeled with digoxigenin (DIG), and subjected to Vtg receptor (Vtgr) binding assays in 96-well plates coated with perch ovarian membrane proteins or to ligand blotting procedures. Binding specificity was evaluated by incubating membrane protein preparations with constant amounts of DIG-Vtg tracer (VtgAa, VtgAb, VtgC, or a mixture of VtgAa and VtgAb [VtgAa/b]) alone or in the presence of unlabeled Vtg ligands. At 250-fold excess molar concentration relative to the tracer, VtgAa and VtgAb were each able to displace only approximately 50% of bound DIG-VtgAa/b, but VtgAa/b could fully displace DIG-VtgAa and DIG-VtgAb under the same conditions. Over a broad range of excess molar ratios, unlabeled VtgAa and VtgAb each displaced their respective DIGVtg tracer much more effectively than each did the heterologous tracer (DIG-VtgAb and DIG-VtgAa, respectively). Ligand blotting revealed three forms of Vtgr, a large receptor (.212 kDa) that bound only to VtgAa and two smaller receptors (;116 and ;110.5 kDa) that bound preferentially to VtgAb. The VtgC did not specifically bind to ovarian membrane proteins in either assay. Collectively, these results indicate the presence of a system of multiple ovarian Vtgrs with disparate binding to the three types of Vtg present in higher-order teleosts (Acanthomorpha). To our knowledge, this is the first report on binding of multiple types of Vtg to multiple forms of Vtgr in any vertebrate.
INTRODUCTION
Vertebrate vitellogenins (Vtgs) are a family of yolk protein precursors that are secreted by the liver in response to estrogen and taken up specifically by growing oocytes via endocytosis mediated by membrane receptors (Vtgrs). The Vtg-Vtgr complexes are clustered into clathrin pits, which invaginate to form vesicles in the peripheral ooplasm that fuse with lysosomes to form multivesicular bodies. A proteolytic enzyme (cathepsin D) then processes Vtgs into product yolk proteins [1, 2] , which may include lipovitellin (Lv), phosvitin (Pv), b 0 -component (b 0 c), C-terminal peptide (Ct), and various Lv-Pv complexes [3] [4] [5] .
Molecular characterization of full-length teleost Vtgr transcripts and encoded receptors has been achieved for rainbow trout (Oncorhynchus mykiss) [6, 7] , tilapia (Oreochromis aureus) [8] , white perch (Morone americana) [9] , and Senegalese sole (Solea senegalensis) [10] . The Vtgr described in those studies is a member of the very-low-density lipoprotein receptor (VLDLR) family characterized by eight ligand binding repeats (LR8) [2, 11] , a feature of vertebrate VLDLRs, including Vtgrs, that differs from low-density lipoprotein receptors (LDLRs), which have only seven ligand binding repeats (LR7) [12] . The LR8 receptors may exist as splice variants either containing [LR8(þ)] or lacking [LR8(À)] a serine-and threonine-rich, O-linked sugar domain encoded by a single exon [7, 13, 14] . The LR8(À) is the dominant lipoprotein receptor in the ovary of oviparous vertebrates and is considered to be the Vtgr, whereas it has been suggested that the LR8(þ) could be a somatic VLDLR that may also be expressed in the ovary [2, 7, 15, 16] . In our previous study of white perch Vtgr, exhaustive PCR screening of ovarian and liver cDNA failed to detect any sequences encoding an LR8(þ) receptor, and real-time quantitative RT-PCR confirmed the main site of expression of LR8(À) receptor (Vtgr) transcripts to be the ovary [9] . As reported for trout [7, 17] , the highest level of vtgr mRNA expression was in previtellogenic perch ovaries, and expression was either very low or absent in late vitellogenic follicles or ovulated eggs.
To date, only a single form of vtgr transcript has been discovered in fish, but multiple ovarian membrane proteins that specifically bind Vtg have been detected by ligand blotting in rainbow trout [18] [19] [20] and Sakhalin taimen (Hucho perryi) [21] . All of these putative Vtgr variants or aggregates likely interact with the same ligand in salmonid fish. Although rainbow trout express scores of vtg genes, these genes differ from one another by less than 3% at the nucleotide level and are thought to produce similar protein products [22, 23] . However, in higher-order teleosts, multiplicity of oocyte Vtgrs may relate to multiplicity of Vtg ligands. Acanthomorph fish express two complete forms of Vtg (VtgAa and VtgAb) [24] [25] [26] [27] , which contain five linearly organized yolk protein domains: Lv heavy chain (LvH)-Pv-Lv light chain-b 0 c-Ct. In marine and estuarine species spawning pelagic eggs, a secondary selective proteolysis of yolk proteins derived from these paralogous forms of Vtg occurs during oocyte maturation. Most yolk proteins, including the LvH derived from VtgAa (LvHAa), are degraded into free amino acids (FAAs), whereas the major yolk protein derived from VtgAb (LvHAb) undergoes only limited proteolysis. The FAAs contribute to the osmotic gradient driving oocyte hydration and acquisition of proper egg buoyancy [3, 26, 28] and are selectively utilized by embryos at early developmental stages, whereas the remaining LvHAb serves as a major nutrient for later-stage embryos and larvae [29, 30] . A third type of Vtg (VtgC) that is expressed in 1 Supported by North Carolina Sea Grant (grants R/AF-46 and R/AF-41) and funded in part by National Oceanic and Atmospheric Administration (awards NA06OAR4170104 and NA16RG2251) and by the USDA CSREES (grant 2006-34368-17186 teleosts from ancient and derived lineages [3, 24-26, 31, 32] does not appear to be processed into constituent yolk proteins [27, [33] [34] [35] [36] , survives proteolytic degradation during oocyte maturation [27, 35, 36] , and is selectively utilized as a nutrient source for late-stage larvae [37] . This incomplete form of Vtg either lacks or has severely reduced Pv and carboxy-terminal domains (b 0 c and Ct) and, in all species examined to date, has an aberrant Vtgr binding site [27] , which raises the question of whether VtgC interacts normally with the Vtgr.
Because to our knowledge binding of Vtgrs to different functional forms of Vtg has not been investigated in any vertebrate, the objectives of the present study were 1) to compare the relative affinities of white perch VtgAa, VtgAb, and VtgC for ovarian membrane proteins that specifically bind these ligands (henceforth referred to as Vtgrs); 2) to identify any disparity in binding of the different forms of Vtg exhibited by the Vtgrs; and 3) to evaluate the results in light of what is known about selective uptake by oocytes and subsequent processing during oocyte growth and maturation of the different types of Vtg and their product yolk proteins in acanthomorph fish.
MATERIALS AND METHODS

Purification and Digoxigenin Labeling of Vtgs
Adult white perch (total length, 265 6 25 mm; weight, 425 6 113 g) were reared in tanks at the North Carolina State University (NCSU) Aquatic Research Laboratory or the NCSU Biological Resources Facility under artificial photothermal regimes [38] . All experiments involving live fish were conducted according to the Guide for Care and Use of Laboratory Animals published by the National Research Council.
The perch VtgAa, VtgAb, and VtgC were purified from 5.0 ml of male perch blood plasma (n ¼ 3 fish) injected with estradiol-17b (E 2 ) [38] using several steps of anion-exchange chromatography or gel filtration [39] (Supplemental Fig. S1 available online at www.biolreprod.org). Two separate Vtg purifications were conducted, one to produce ligands for use in the binding assay and one to produce ligands for ligand blotting. Between steps, fractions were checked by SDS-or native-PAGE and by double immunodiffusion (DID) using an antiserum that specifically recognizes Morone spp. Vtgs [39] . Briefly, after anion exchange on POROS HQ 50 (Perspective Biosystems), immunoreactive fractions from the central portion of the major Vtg peak were pooled and retained for use as a preparation of semipurified complete Vtgs (VtgAa and VtgAb), henceforth referred to as VtgAa/b. The VtgAa and VtgAb were separately purified from these same fractions by six additional rounds of anion exchange on POROS HQ 20 (Perspective Biosystems) in which only the VtgAa-containing and VtgAb-containing fractions that were maximally distant from one another were retained and separately pooled, followed by a final chromatography on POROS HQ 20 to verify protein purity. The VtgC was purified from the POROS HQ 50 pass-through fractions by anion exchange on MonoQ HR 5/5 (GE Healthcare Biosciences), followed by gel filtration on Superdex 200 HR 10/30 (GE Healthcare Biosciences). Purified VtgAa and VtgAb were obtained from the central fractions of their respective discrete and symmetrical peaks in the final POROS HQ 20 chromatography, and purified VtgC was obtained from the central gel filtration fractions exhibiting only a single major, approximately 426-kDa protein in native-PAGE. Fractions containing purified Vtgs exhibited a single immunoreactive band in DID, indicating immunological purity. Purified Vtg preparations were either used directly as unlabeled competitors or were coupled to digoxigenin (DIG) using a DIG antibody labeling kit (Roche) [40] for use as tracers.
Receptor Binding Assay and Ligand Blots
Ovarian membrane suspensions were prepared from 5.0 g of early vitellogenic perch ovaries (oocyte diameter, 456-472 lm; n ¼ 2 fish), and receptor binding assays employing solubilized membrane proteins bound to 96-well plates were conducted [40] using the purified Vtg preparations as tracers and competitors. Solubilized membrane proteins diluted 1:1 in Laemmli sample buffer (Bio-Rad) were loaded onto 5% acrylamide precast Tris-HCl Ready Gels (Bio-Rad) calibrated with broad-range prestained marker proteins (Bio-Rad) and electrophoresed until the 100-kDa marker reached the bottom of the gel. Protein bands were transferred to polyvinylidene fluoride membranes [40] , which were incubated in binding assay blocking buffer [40] for 2 h or longer with agitation at 258C or overnight at 48C and then in fresh blocking solution containing DIG-labeled Vtgs with or without unlabeled Vtg competitors overnight (;16 h) with agitation at 258C. Membranes were then washed three times for 5 min each time at 258C with agitation in binding buffer containing 0.25% Triton X-100 (BB-T) [40] , incubated in anti-DIG-POD (1:10 000 dilution) solution [40] , washed again three times in BB-T, briefly soaked in binding buffer [41] , and visualized using Lumi-Light PLUS Western Blotting Substrate (Roche), followed by exposure to Hyperfilm ECL (GE Healthcare Biosciences), which was then processed according to the manufacturer's protocols (Eastman Kodak Co.).
Binding Assay Data Analyses
Comparisons of DIG-VtgAa/b tracer displacement by unlabeled ligand preparations at each of several excess molar ratios relative to the tracer (data shown in Fig. 2 ) were evaluated by one-way ANOVA and post hoc TukeyKramer HSD (a 0.05) (JMP, Version 7; SAS Institute Inc.).
RESULTS
Receptor Binding Assays
Although DIG-VtgAa/b, DIG-VtgAa, and DIG-VtgAb all showed a concentration-dependent increase in total binding to the ovarian membrane protein preparation, DIG-VtgAa/b showed the highest binding signal at all concentrations, and DIG-VtgAa and DIG-VtgAb each produced a maximum signal intensity only approximately 40% of the intensity of DIGVtgAa/b. Binding of DIG-VtgC was always limited to less than 2.6% of the binging of DIG-VgAa/b (Fig. 1) .
When present at a 250-fold excess molar ratio (relative to the tracer), VtgAa or VtgAb were individually able to displace only about half of the bound DIG-VtgAa/b, whereas an equal mixture of VtgAa and VtgAb (VtgAaþVtgAb) could fully displace the tracer in a manner equivalent to that of VtgAa/b (Fig. 2) . VtgAb was more effective than VtgAa at displacing the DIG-VtgAa/b tracer at lower concentrations of competitor, and the maximum displacement occurred when VtgAb was present at a 125-fold excess molar ratio, indicating that saturation of specific VtgAb binding sites was achieved at this point (Fig. 2) . For all other unlabeled Vtg ligands except VtgC, tracer displacement increased progressively at higher molar excess ratios of competitor. Unlabeled VtgC could not displace DIG-VtgAa/b even when present at a 250-fold excess molar ratio.
When DIG-VtgAa was displaced by VtgAa or VtgAa/b, the unlabeled ligands displaced the tracer in a broadly similar manner. However, at a 125-fold excess molar ratio of competitor, displacement of DIG-VtgAa by VtgAa reached a plateau (;65% displacement), whereas VtgAa/b further displaced the tracer (;75% displacement) (Fig. 3) . Similar results were obtained for displacement of DIG-VtgAb by VtgAb or VgAa/b, with maximum displacement (;82%) occurring at a 62.5-fold excess molar ratio of the competitors (Fig. 3) . Although neither VtgAa nor VtgAb was very effective at displacing the heterologous tracer, VtgAa, when present at 60-and 125-fold excess molar ratios, appeared to be more effective at displacing DIG-VtgAb (;35% and ;50%, respectively) than VtgAb at displacing DIG-VtgAa (only ;15% and ;20%, respectively). Maximum displacement of DIG-VtgAb was achieved by VtgAa/b (;89%) when it was present at a 125-fold excess molar ratio (Fig. 3) . Binding of DIG-VtgC to the ovarian membrane proteins was insufficient to allow comparable investigations of its displacement by unlabeled VtgC or other unlabeled Vtg ligands (see Fig. 1 ).
Receptor Ligand Blotting
Ligand blotting performed using DIG-VtgAa/b revealed four ovarian membrane protein bands (Vtgrs): 1) a band of greater than 212 kDa (Vtgr1), 2) a very weak band of approximately 149 kDa (Vtgr2), 3) an intense band of approximately 116 kDa (Vtgr3), and 4) an intense band of approximately 110.5 kDa (Vtgr4) (Fig. 4 ; see also Fig. 5 ). Binding of DIG-VtgAa/b to these bands was fully displaced by a 200-fold excess molar ratio of VtgAa/b (Fig. 4) . When ligand blotting was performed using DIG-VtgAa or DIG-VtgAb, the DIG-VtgAa preferentially bound to the large (.212-kDa) Vtgr1 and exhibited limited binding the two smaller (;116-and ;110.5-kDa) Vtgrs (Vtgr3 and Vtgr4, respectively). In contrast, the DIG-VtgAb bound to the two smaller receptors (Fig. 5) . When gel lanes were loaded with higher amounts of ovarian membrane proteins, DIG-VtgAa and DIGVtgAb bound equivalently and very weakly to the approximately 149-kDa band (Vtgr 2; putative LDLR) (Fig. 5) . When ligand blotting was performed using DIG-VtgAa or DIGVtgAb in the presence of a 100-fold excess molar ratio of the respective unlabeled Vtg ligand (VtgAa or VtgAb), no binding of the tracers to any protein bands could be detected on the ligand blots (data not shown). Attempts at ligand blotting performed using DIG-VtgC as the tracer yielded no evidence of DIG-VtgC binding to any protein bands.
DISCUSSION
The results of our receptor binding assays indicate that the two complete perch Vtg paralogues selectively bind to different forms of Vtgr present on ovarian membranes. Supporting evidence included the inability of VtgAa or VtgAb to individually displace more than half of the DIG-VtgAa/b (containing labeled VtgAa and VtgAb) tracer (whereas unlabeled VtgAa/b could fully displace specifically bound DIG-VtgAa or DIG-VtgAb) and the poor ability of VtgAa or VtgAb to displace the heterologous tracers (DIG-VtgAb and DIG-VtgAa, respectively). However, the ability of VtgAa to partially displace DIG-VtgAb, whereas VtgAb was relatively ineffective at displacing DIG-VtgAa, suggests that some degree of nonspecificity exists in this receptor system regarding VtgAa, a suggestion borne out by the results of our ligand blotting experiments. Ligand blots of perch ovarian membrane proteins performed using DIG-VtgAa/b revealed three receptors that strongly and specifically bind Vtg. The fourth (;149-kDa) receptor that weakly binds DIG-VtgAa/b and equally, but weakly, binds DIG-VtgAa and DIG-VtgAb has, based on its estimated mass, poor ability to bind Vtgs and an apparent inability to discriminate between VtgAa and VtgAb (see Fig. 5 ) and has been tentatively identified in the present and previous studies as a putative LDLR [19, 41] . The correctness of this designation remains to be verified. We refer to the large (.212-kDa) receptor that appears to exclusively bind DIGVtgAa as VtgAar, and we refer to the two smaller (;116-and ;110.5-kDa) receptors that preferentially bind DIG-VtgAb but also secondarily bind DIG-VtgAa as VtgAbrs. It was not feasible to displace DIG-VtgAa/b by excess VtgAa or VtgAb in the ligand blots, because yields of these proteins were too low using our purification methods. However, the only partial displacement of the DIG-VtgAa/b tracer by individual unlabeled VtgAa or VtgAb observed in the binding assay is consistent with results of ligand blotting that show these two complete Vtg paralogues preferentially bind to different ovarian receptors. Weak interaction of VtgAa with the VtgAbrs and lack of binding of VtgAb to the VtgAar may also explain why VtgAa had a greater ability to displace DIG-VtgAb than VtgAb did to displace DIG-VtgAa in the binding assay.
For the Vtg binding sites described here to be identified as bona fide receptors (Vtgrs), the binding sites should exhibit ligand specificity, and the binding should be saturable at a physiologically relevant ligand concentration [42] . The results of our binding assays and ligand blotting experiments clearly demonstrate the ability of the different Vtgrs to discriminate between the closely related VtgAa and VtgAb ligands (specificity), and we have utilized VtgAa/b as tracer and competitor in the same binding assay to show that the Vtgrs specifically bind only to the Lv domain of the Vtgs and not to other Vtg-derived yolk proteins [40] . In previous research using a radiolabeled VtgAa/b preparation as the tracer and the VtgAa/b and various other proteins as competitors, specificity of Vtg binding to perch ovarian membranes also was verified [41] . Regarding saturability of binding sites, as noted, we were limited in our ability to conduct saturation studies because of the low yields of purified VtgAa and VtgAb. However, when the DIG-VtgAa/b tracer was applied at 0.5 lg/ml in the binding assay, the Vtgrs appeared to be at or near saturation in the presence of a 250-fold molar excess (125 lg/ml) of unlabeled VtgAa/b, which is a physiologically relevant concentration approximating that measured for VtgAa/b in the blood plasma of white perch during early vitellogenesis [43] . These findings indicate that as postulated previously [41] , the perch Vtgrs may be saturated in situ during most of the period of vitellogenic oocyte growth, but the results of the binding assay suggest that even at saturating concentrations of VtgAa and VtgAb, the multiple Vtgr system should be able to discriminate between these two ligands (see Fig. 2 ).
We have attempted to definitively identify the various Vtgrs detected by ligand blotting in the present study by excising candidate bands from silver-stained SDS-PAGE gels loaded with concentrated preparations of membrane proteins and then subjecting their trypsin digests to online nanospray liquid chromatography and tandem mass spectrometry [44] , but these analyses did not return any peptide spectra (data not shown), probably because the relevant membrane proteins, which could not be visualized on parallel gels stained with Coomassie brilliant blue, were too low in abundance. Our inability to obtain peptide sequence data from the various ovarian lipoprotein receptors makes it impossible to positively identify which receptor is the product of the previously characterized white perch vtgr cDNA [9] . We conclude that the perch vtgr cDNA and that of the tilapia [8] likely correspond to one of the VtgAbr proteins (bands) observed in ligand blots in the present study, as opposed to the VtgAar, based on three observations: 1) The mass of the VtgAbrs (near 100 kDa) is close to that predicted for the perch LR8(À) Vtgr polypeptide deduced from its cDNA (93 kDa); 2) previously reported results from yeast two-hybrid assays show that tilapia VtgAb interacts with the LR8(À) Vtgr and binding assay, and ligand blotting data from the present study provide evidence that VtgAb does not bind to the VtgAar with high affinity; and 3) all published classical vtgr sequences encode a receptor with the same number of ligand binding repeats-that is, LR8(À)-indicating that they all bind similar ligands. The previously characterized perch LR8(À) vtgr cDNA therefore may encode the protein present in one or both of the two smaller bands evidenced by ligand blotting and identified as VtgAbrs in the present study. However, the reason for the apparent difference in mass of these two proteins, and even their distinction as separate proteins, remains to be verified. The presence of an O-linked sugar domain in the larger of the two VtgAbrs would explain the slight difference in mass (;5.5 kDa), but an LR8(þ) form of the Vtgr could not be detected by RT-PCR in white perch [9] . Accordingly, the smaller VtgAbr may be a degradation product of the larger one or a different splice variant, albeit with an intact ligand binding domain.
The large size of VtgAar identified in the present study (.212 kDa) can possibly be explained by self-homodimerization, as reported for some LR7 receptors subjected to nondenaturing SDS-PAGE. When LDLR was solubilized from bovine adrenal cortex membranes and electrophoresed in the absence of sulfhydryl-reducing agents, a disulfide-bonded dimeric species was demonstrated [45] . In the nonreduced form, LDLR migrated to a position in the gel corresponding to a molecular weight of 220 kDa, similar to the perch VtgAar and the larger salmonid Vtgrs [19] [20] [21] , which decreased to approximately 160 kDa under reducing conditions. The LDLR largely exists as noncovalently linked homodimers, and covalent cross-linking occurs after the tissue is homogenized. The functional role of this manifestation is unknown; however, it does not appear to be involved in or promote ligand binding [45, 46] . Dimerization of the chicken VTGR also has been reported, but the molecular weight of the dimer (190 kDa) is lower, roughly twice that of the predicted molecular weight of chicken VTGR [47] , and not as large as the VtgAar identified in the present study. Although a dimeric structure for perch VtgrAa has not been verified experimentally, a monomeric species is not evident in the ligand blots. A Vtgr of greater than 212 kDa also has not been detected in previous ligand blotting experiments on white perch [41] or seabass [48] ; however, one has been detected in ligand blots of ovarian membrane proteins from salmonids [18] [19] [20] [21] and from the chicken [47, 49] . Therefore, receptor dimerization could relate to some specific, albeit unspecified, experimental sample preparation or storage conditions.
It seems unlikely that one of the VtgAbrs is the monomeric form of VtgAar proper, because VtgAb strongly binds both of these receptors whereas VtgAa binds them weakly, unless dimerization selectively enhances affinity of the receptor for VtgAa. Altered ligand specificity or affinity, however, was not demonstrated for either monomeric or dimerized bovine LDLR [45] . Strong cross-reactivity of VtgAb with a monomeric form of VtgAar in the ligand blot also is not supported by the binding assay data, because VtgAb could not effectively displace DIG-VtgAa from oocyte membrane proteins bound to the assay plate. However, if the large (.212-kDa) VtgAar is a homodimer, a reasonable hypothesized relationship between it and the smaller VtgAbr proteins is that monomeric VtgAar migrates to the same position in the gel as one or both of the VtgAbrs visualized using this ligand blotting technique. This also may explain the low reactivity of these two protein bands with DIG-VtgAa.
Another possibility is that the VtgrAa of greater than 212 kDa is an entirely different member of the lipoprotein receptor superfamily. The chicken expresses an unusually large VTGR exclusively in growing ovarian follicles, one that is not related to and is immunologically distinct from the ''classical'' LR8(À) chicken VTGR [47, [49] [50] [51] . This larger form of VTGR is a major protein component of follicle membrane extracts and has an apparent molecular weight of approximately 380 kDa. Peptide sequencing of this novel, approximately 380-kDa VTGR revealed a high degree of homology to human LDLRrelated protein (LRP) [49] , suggesting that it is an oocyte analogue of the mammalian LRP [47, 52] . However, the LRP has a much higher molecular weight (;500 kDa), and the peptide sequences obtained for the approximately 380-kDa chicken VTGR receptor do not match the somatic chicken LRP [51] or the smaller LR8(À) chicken VTGR [50] , indicating that it is not homologous to these receptors. This chicken LRP-like ovarian membrane protein remains to be fully characterized at the molecular level; however, based on its high mass and ability to specifically bind Vtg, it could be a relative of the large white perch VtgAar reported here. We conclude either that the VtgAar occurs largely as a homodimer of greater than 212 kDa in ligand blots, as similarly reported for the bovine LDLR and chicken VTGR, and the monomeric VtgAar migrates along with the VtgAbrs to positions in the gel corresponding to approximately 110.5 and approximately 116 kDa or that the VtgAar is a novel member of the lipoprotein receptor superfamily (possibly an LRP analogue) that specifically binds VtgAa.
Our receptor binding assays and ligand blotting experiments also revealed that perch VtgC does not appear to interact with any Vtgr, because no evidence was found of DIG-VtgC binding to ovarian membrane proteins, unlabeled VtgC did not displace other types of DIG-Vtg in the binding assay, and attempts at ligand blotting using DIG-VtgC did not produce any binding signal. The white perch is a multiple clutch, groupsynchronous spawner [43] in which oocytes at several stages of development are present in the adult ovary. The ovary donors employed for preparation of ovarian membrane proteins in the present study were sampled in early vitellogenesis. Therefore, membrane proteins from oocytes in primary growth, early secondary growth, and vitellogenesis were present in the binding assay and ligand blots. Thus, VtgC does not appear to bind to ovarian membrane proteins at any stage of oocyte growth. This may relate, in part, to the previously reported abnormal Vtgr binding site within the LvH domain of VtgC, which has a nonconservative glutamine substitution for a lysine [27] that has been shown to be required for VtgAb-Vtgr interaction in tilapia [8] .
Collectively, the results of our binding assays and ligand blotting experiments indicate that distinct receptors for VtgAa and VtgAb exist on ovarian membranes and that VtgC lacks such a receptor, which suggests that selective accumulation by growing oocytes of the different forms of Vtg could be regulated at the receptor level. In barfin flounder (Verasper 396 moseri), the proportional abundance of the three different forms of serum Vtg proteins (VtgAa, VtgAb, and VtgC) differs from that accumulated within the oocyte during vitellogenesis, also suggesting that controlled accumulation of multiple Vtgs by the oocyte may be regulated by mechanisms for receptormediated uptake of the Vtgs from the circulation [53] . Thus far, unequal accumulation of different forms of Vtg by growing oocytes has been reported in at least four teleost species. In barfin flounder, Lvs derived from the different forms of Vtg are accumulated in oocytes at a ratio of 9:15:1 (VtgAa:VtgAb:VtgC), and this ratio is constant even in the face of widely fluctuating ratios of the corresponding serum Vtgs, which range from 13:18:1 during vitellogenesis to 32:10:1 by postvitellogenesis [29, 53] . In gray mullet (Mugil cephalus), the corresponding accumulated ratio of Lvs derived from the different forms of Vtgs is 4:13.3:1, indicating that VtgAa makes a much lower contribution to the yolk in this species [36] . Conversely, the results of N-terminal and internal amino acid sequencing of oocyte yolk proteins visualized on SDS-PAGE gels suggest that VtgAa is the dominant Vtg type as compared to VtgAb in both mosquitofish (Gambusia affinis) [34] and mummichog (Fundulus heteroclitus) [54] . Perhaps the best example of such disproportionate yolk accumulation is in goldsinny wrasse (Ctenolabrus rupestris), where only a single major class of yolk proteins derived from VtgAa predominates in oocytes and those derived from VtgAb and VtgC are incorporated at trace levels [55] . A system of dual or multiple Vtgrs could endow growing oocytes with the capability to regulate the proportional yolk composition of VtgAa and VtgAb during oogenesis according to the physiological roles that these two Vtgs play in species spawning at different environmental salinities or with different reproductive life histories.
The presence of a system for multiple Vtgrs that disparately bind the dual complete Vtgs (VtgAa and VtgAb) and do not bind VtgC also relates to the subsequent differential processing of yolk proteins derived from the functionally distinct types of Vtg during oocyte growth and maturation. Because VtgC does not bind to ovarian membrane proteins (Vtgrs), it may possibly enter the oocyte nonspecifically in the fluid phase and, thus, may not be subjected to endosomal processing by cathepsins. This may explain why VtgC is usually a minor component of the yolk and is not proteolytically processed into product yolk proteins following uptake by oocytes of some species [27, [32] [33] [34] [35] . As noted previously, VtgC has also been shown to survive degradation during oocyte maturation [27, 35, 36] and to selectively serve as a nutrient source for late-stage larvae [37] . Recent evidence also indicates that VtgC is taken up by oocytes as early as the cortical alveolus stage [56, 57] , when Vtgrs are not known to be present on teleost oocyte membranes, which also suggests that VtgC is taken up in the fluid phase along with other non-Vtg lipoproteins, at least during previtellogenic oocyte growth. Although the exact mechanisms of VtgC entry into oocytes remain to be verified, the lack of binding of VtgC to a Vtgr and its escape from proteolytic processing underscore a relationship between Vtgr binding and proteolytic fate and raise the question of whether binding of the complete Vtgs (VtgAa and VtgAb) to discrete populations of receptors influences their disparate maturational proteolysis.
Receptor-ligand directed compartmentalization of the Vtgs may explain how, in acanthomorph teleosts spawning pelagic eggs, the major yolk protein (Lv) derived from VtgAa (i.e., LvHAa) is cleaved into FAAs, whereas the corresponding yolk protein derived from VtgAb (LvHAb) remains largely intact, during oocyte maturation [26] . This disparate proteolysis of yolk proteins involves a complex cascade of activation of cathepsins (F, B, and L) that are colocalized with the yolk proteins and activated by a decrease in endosomal pH triggered by the activation of a vacuolar ATPase (vATPase) during oocyte maturation [1, 2, 58] . Selective trafficking of VtgAb into a compartment endowed with a different constellation or concentrations of cathepsins or bearing a different form or abundance of vATPase could explain how LvHAb escapes extensive maturational proteolysis.
In summary, the results reported here provide, to our knowledge, the first biochemical evidence for any vertebrate indicating the existence of a system of multiple Vtgrs that disparately bind functionally different types of Vtg. Because the white perch VtgC, VtgAa, and VtgAb investigated in the present study are thought to be orthologues of chicken VTG1, VTG2, and VTG3, respectively [59, 60] , these findings may be relevant not only to other acanthomorph teleosts but also to oogenesis in higher vertebrates, including avian and amphibian species. Further understanding of the multiple Vtgr system will require the definitive identification and sequencing of the VtgAar and VtgAbrs detected in the present study as well as analyses of the molecular details and kinetics of the binding of these receptors and other members of the lipoprotein receptor superfamily (e.g., LDLR) to the different forms of Vtg that are present in the white perch and other vertebrates.
